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Almost a century ago, Beijerinck (1888) isolated the 
first N2-fixing bacterium, which was a Rhizobium. Very 
shortly after, Winogradsky (1893) established that 
Clostridium pasteurianum could fix atmospheric N, and 
Beijerinck (1901) isolated and described the first Azoto- 
bacter. In 1889, Frank had already suspected N, fixation 
to occur among Cyanobacteria. Thus, within a few 

FS was established what has remained for a very long 
ime the basis of N>-fixing bacteria taxonomy: free- 
Aiving aerobic heterotrophic bacteria, Azotobacteraceae; 
free-living facultative and strict anaerobic heterotrophic 
epacteria, Bacillaceae, symbiotic bacteria, Rhizobiaceae: 
cand free-living autotrophic bacteria, Cyanobacteria. 

œ This early taxonomy was based upon ecological and 
physiological features and was used without significant 
alteration until recently. The only major change was an 
increase of the number of taxa falling into each category: 
Azotobacteraceae (Pribram 1933) progressively included 
Azomonas (Winogradsky 1938), Beijerinckia (Derx 
1950), and Derxia (Jensen et al. 1960); N>-fixing 
Bacillaceae were shown to include Bacillus species 
(Hino and Wilson 1958), and a number of N>-fixing 
Cyanophyceae were evidenced as well as phototrophic 
sulfur and nonsulfur bacteria (Lindstrom er al. 1949). 

Reports in the literature appeared also about N> 
fixation by Pseudomonas, Achromobacter, Coryneforms, 
etc. Many of these reports were considered to be 
controversial (Hill and Postgate 1969) but asked the 
interesting question of the pattern of distribution of the 
ability to fix Nz and its relationship with taxonomy and 
phylogeny. 

More recently, several important additions were 
progressively made to this classification, especially 
Azospirillum, first described as a N>-fixing Spirillum or 
Vibrio by Becking (1963), and the first N>-fixing 
Enterobacteriaceae, described by Jensen (1958). 

Obviously N, fixation was not restricted to Azotobac- 
teraceae, Bacillaceae, and phototrophic bacteria. 


Historically, as new bacterial types appeared able to 
fix N2, new isolation procedures had to be designed. The 
consequence is a somewhat confusing situation as to the 
nature of the actual bacteria responsible for nitrogenase 
activities associated with nonleguminous roots. Each 
laboratory uses a particular technique for counting and 
isolating N2-fixing bacteria. The technique used dictates 
the type of bacterium found. Consequently each labora- 
tory has a tendency to consider that “its own” bacterium 
has a prominent role. 

At the very moment when confusion is maximum 
about the taxonomy, relative abundances, and ecological 
roles of many N>-fixing bacterial species, there is an urgent 
need to better characterize the degree of heterogeneity of 
those species. The early inoculation experiments have 
shown that strains are not equivalent, but very little is 
known about the nature of differences between them. 
There is no way to predict the behaviour of a strain to be 
used as an inoculum; the only means to evaluate its 
potential is to try it in the field. It is unacceptable to 
continue to work with no directive pattern when comparing 
strains, and it is urgent to further characterize strain-to- 
strain differences and relate them to the bacterial 
potential. 

This article is not an exhaustive review of existing 
literature; it is rather intended as a discussion of the 
impact of recent findings upon the above-mentioned 
problems; it centres on (i) methodology in use for 
counting and isolating rhizosphere N>-fixing bacteria, 
(ii) identification and (iii) taxonomy of some N>-fixing 
bacteria, and finally (iv) interstrain differences. 


Counting and isolating rhizosphere N,-fixing bacteria 

Counts of N>-fixing bacteria are usually done on a 
selective medium by characterizing the presence of 
nitrogenase in dilutions of the initial sample. Isolations 
can be made using the highest dilutions exhibiting 
nitrogenase activity. Problems are encountered at three 
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different levels: (i) the starting material and the expression 
of results, (i) the criterion for nitrogenase, and (iii) the 
selective medium. 


The starting material and expression of results 

There is no functional definition of the rhizosphere 
soil; it is most often defined as the soil adhering to the 
roots after “gentle” shaking. This definition depends 
upon what is considered to be “gentle.” It is possible that 
the total number of bacteria recovered does not depend 
very much upon the extent of shaking because most of 
the bacteria adhere very firmly to the root surface. 
However, the question still remains important because 
the results are often expressed per unit weight of soil, 
making it difficult to compare results published by 
different workers. Expressing the results per unit weight 
of root is not an improvement, given the variety of root 
types found on the same plant species depending on age, 
distance from the crown, etc. Thus, the only unequiv- 
ocal way to obtain comparable results would be to 
calculate numbers of bacteria on a per plant basis, taking 
into account the total per plant mass of roots or of 
rhizosphere soil, whatever its definition. To make 
allowance for plant size, perhaps it would be better still 
to consider the size of its photosynthetic apparatus and 
express the numbers of rhizosphere N>-fixing bacteria 
per gram dry weight of green leaves. An advantage 
would thus be to better characterize the relationship 
between the potentials for C and N fixation, an important 
feature to compare among N>-fixing associations. 
Finally, this expression would hopefully permit an 
easier comparison of counts made by different people on 
plants differing by their species, age, size, and location. 


The criterion for nitrogenase 

It is generally agreed (Hill and Postgate 1969) that 
growth on a nitrogen-free medium is not a sufficient 
criterion for nitrogenase and the more so as some 
N_-fixing bacteria cannot grow on a medium completely 
free of combined nitrogen (Watanabe and Barraquio 
1979). 

As a measure of N, fixation '°N incorporation is often 
too expensive to be used on a large scale, and many 
authors have used C,H), reduction as an indirect assay 
technique. In counting experiments this technique can 
present some difficulties owing to the shortness of the 
period during which C,H» reduction can be evidenced 
and to C,H, oxidation by some bacteria. 

Many N>-fixing bacteria appear to express nitrogenase 
activity only when they are in sufficient numbers 
(Haucke-Pacewiczowa et al. 1970; Brouzes et al. 
1971). In enumeration experiments, this threshold is 
reached only after a lag period that is dependent upon the 
initial population of the inoculum (Villemin et al. 
1974). With high dilutions this can take as long as 3 
weeks. Moreover once established, nitrogenase activity 
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can be rapidly suppressed by carbon or oxygen limita- 
tion so that the overall period of time during which 
nitrogenase activity occurs can be very short. This 
difficulty may be overcome by waiting long enough for 
each tube containing N>-fixing bacteria to develop a 
sufficiently large population and then to add fresh 
medium and incubate under C,H). Usually a very high 
level of activity can be obtained within 2 days (Villemin 
et al. 1974). Another possibility is to incubate the 
replicate tubes under 1% CH, as soon as they are 
inoculated. This permits sufficient N3 fixation for the 
growth of large populations in all positive tubes and is 
enough to produce detectable amounts of C2H4 wherever 
there is nitrogenase activity. 

Ethylene oxidation can be another problem in counting 
experiments in which C,H) reduction is used as a 
criterion for nitrogenase. Ethylene oxidation has been 
shown by Yoshida (Yoshida 1970; Yoshida and Suzuki 
1975) but is generally overlooked, except in the studies 
of de Bont (de Bont and Mulder 1974, 1976; de Bont 
1976; de Bont and Albers 1976; de Bont and Harder 
1978; de Bont et al. 1980). Two types of artifacts could 
occur: C,H, evolution, rapidly followed by C2H4 
consumption (Yoshida 1970), or inhibition of growth 
of CHy-utilizing N>-fixing bacteria (de Bont and 
Mulder 1976). Both phenomena are aerobic, the former 
has been evidenced in rice fields and the latter is 
likely to occur in waterlogged soils on a small scale 
(de Bont et al. 1978). Their incidence on enumeration 
of N>-fixing bacteria does not seem to have been 
thoroughly investigated. 


The selective medium 

The nature of the carbon source used in N-free media 
encourages the growth of different groups of bacteria in 
counting and in isolating procedures. For instance, use 
of mannitol or glucose leads to the enumeration and 
isolation of Azotobacteraceae (Thompson and Skermann 
1979) and use of malate to the isolation of Azospirillum 
(Okon et al. 1977). As far as rhizosphere bacteria are 
concerned, it would seem advisable to use C sources 
more similar to those used in situ by the bacteria, i.e., 
the root exudates. Several procedures can be considered 
such as the use of axenically collected exudates (Rubenchik 
1963) or the use of media containing a mixture of carbon 
sources (Rennie 1981); however, the “spermosphere 
model” (Thomas-Bauzon et al. 1982) seems most 
promising, in which use is made of a young sterile 
seedling growing on a mineral medium free of C and N. 
The source of energy and C for N>-fixing bacteria is 
constituted by the exudates. It is assumed that they have 
a composition similar enough to those of an older plant 
to introduce no C bias. The spermosphere tubes are 
inoculated with rhizosphere soil dilutions and closed by 
Suba-seal rubber stoppers, 1% C2H> is injected, and 
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C,H, is measured after incubation for 1 week. The 
calculation of the most probable number of N>-fixing 
bacteria in the original sample is based upon the number 
and distribution of tubes containing CH4. The contents 
of the tubes of the highest dilution in which all the tubes 
are C2H4 positive can then be used as a starting material 
for further isolation of N>-fixing bacteria. The authors 
have shown that the percentage of N>-fixing bacteria is 
very high in the spermosphere model (65% in their 
example) compared with the percentage in the initial soil 
(6.6%). This is not so in more regular counting 
procedures using artificial C sources; in nitrogenase 
positive tubes, N>-fixing bacteria are often readily 
replaced by nonfixing bacteria that use any nitrogen 
made available by the former, so increasing the difficulty 
of using C2H,4-positive tubes for isolation of N>-fixing 
microorganisms. In the spermosphere model, it seems 
that the plantlet may help keep the medium selective by 
scavenging any available nitrogen. This spermosphere 
model has been used with rice and maize with equal 
success. 

In many instances N, fixing bacteria have been 
isolated from actively C,H2-reducing root pieces incubated 
‘at low oxygen tension in a malate medium. This method 
\(Débereiner and Day 1976) is very efficient for isolating 
:Azospirillum from active roots but does not warrant the 
¡conclusion that isolated strains are representative of the 
‘N2-fixing microflora of the undisturbed plant. There is 
“often a long delay between sampling time and the start of 
‘incubation. During this delay roots probably exhaust 
‘their share of assimilates and the normal flux of exudates 
is likely to stop. Moreover, there appears to be a large 
and rapid increase in number of N>-fixing bacteria (up to 
30 times) within 16 h (Barber et al. 1976; Koch 1977). It 
seems very probable that carbon and (or) energy 
necessary to this multiplication and subsequent C2H2- 
reducing activity are not only derived from exudates but 
also from root fermentation products, or perhaps ethanol 
introduced with bromothymol blue. It would be interesting 
to evaluate the percentage of ethanol-utilizing Azospirillum 
strains isolated following this procedure. Thus, it is 
probable that this method introduces artifacts by selectively 
stimulating bacteria adapted to low redox potentials and 
root fermentation. 


Giving a name 


There have been several recent reviews about N>-fixing 
bacterial genera and species (Mulder and Brotonegoro 
1974; Knowles 1977, 1978; La Rue 1977; Postgate 
1981); the reader should refer to them for general 
consensus about “classical” nitrogen fixers. The present 
article will deal very briefly with genera easy to identify 
and will focus on some generally underestimated problems 
about rhizosphere N>-fixing bacteria. 
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First of all one must comment on the fact that many soil 
microbiologists are not very keen on taxonomy. They 
publish results concerning strains easily identified such 
as Bacillus, Clostridium, Enterobacteriaceae, “Azoto- 
bacteraceae,” and Azospirillum, but rarely about other 
isolates. Nevertheless, most of them, privately, admit 
that they have often isolated unknown bacteria. Not only 
are descriptions of such isolates very rarely given, but in 
most cases strains are not maintained and thus are not 
available for subsequent precise characterization by 
other laboratories. 

Microorganisms belonging to the Bacillus and Clostri- 
dium genera are easily identified and little needs to be said 
about them, except that the ecology of the former should 
be further investigated (Abdel Wahab 1975; Nelson et al. 
1976; Neal and Larson 1976; Jordan et al. 1978). 

N>-fixing Enterobacteriaceae are very common and 
rather easy to identify as short gram-negative rods, 
catalase positive, oxidase negative, growing on McConkey 
agar. Their precise determination may be facilitated by 
the use of API 20 E microtube cards (Rennie 1980). 

“Azotobacteraceae” have been abundantly described 
(Thompson and Skermann 1979); nevertheless, new 
thizosphere-adapted species, similar to “Azotobacter” 
paspali will possibly be discovered. Moreover, occur- 
rence of Beijerinckia in nontropical rhizospheres has 
been underestimated and may prove more common than 
previously thought (Jordan et al. 1978). 

With regard to Azospirillum, several problems arise. 
The characterization of the genus Azospirillum includes 
the special type of motility as a criterion. The recent 
isolation of a nonmotile strain of Azospirillum in our 
laboratory indicates the need for a reevaluation of this 
generic feature (Bally ef al. 1983). Again, at the species 
level, definitive characteristics are not always very 
clear. Acidification of glucose media is not specific of A. 
lipoferum; among A. brasilense some strains can acidify 
glucose (Tarrand et al. 1978), and conversely some 
strains of A. lipoferum can lose this property (unpublished 
result). Moreover, the need for biotin can be reproducibly 
evidenced only after several transfers on a biotin-free 
medium. Those findings, along with the low degree of 
DNA/DNA homology (Tarrand et al. 1978) make 
difficult the distinction of two different species in 
Azospirillum. 

Beside those well-known taxa, occasional reports 
point to the possibility of N, fixation in species of the 
following genera: Achromobacter, Alcaligenes, Arthro- 
bacter, Campylobacter, Pseudomonas, Rhizobium, and 
Xanthobacter. 

N2 fixation by Achromobacter was suggested by 
Jensen (1958) and further studied by Proctor and Wilson 
(1959). The strain studied by Jensen was probably a 
Klebsiella (Mahl et al. 1965), but the status of other 
strains studied by Proctor and Wilson remains uncertain. 
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Watanabe and Barraquio (1979) also isolated strains first 
designated as Achromobacter (then as Pseudomonas- 
like bacteria). In fact, Achromobacter must be considered 
as a nomen dubium (Hendrie et al. 1974) and Achromo- 
bacter pestifer has been recently shown to belong to the 
Alcaligenes genus (Kiredjian et al. 1981). 

Alcaligenes latus (Palleroni and Palleroni 1978) was 
found to actively fix Nz by Malik et al. (1981); fixation 
occurs under low oxygen partial pressure along with 
hydrogen oxidation. In their recent review, Kiredjian et 
al. (1981) proposed to reject this species from the genus 
Alcaligenes. Thus, N, fixation by true Alcaligenes is still 
to be demonstrated. 

N, fixation by Arthrobacter was reported first by 
Smyk and Ettlinger (1963) and seems rather widespread 
(Cacciari et al. 1979), in spite of an adverse opinion of 
Mulder and Brotonegoro (1974). 

Recently McClung and Patriquin (1980) isolated a 
N,-fixing Campylobacter from the rhizosphere of Spar- 
tina alterniflora. Usually this genus is considered to 
belong to the Spirillaceae (Krieg and Smibert 1974). 

Nitrogen fixation in Mycobacterium flavum was 
demonstrated by Fedorov and Kalininskaya (1961) and 
studied in detail by Biggins and Postgate (1969, 197 1a). 
Other apparently Gram-positive hydrogen bacteria were 
shown able to fix N2, especially several strains of 
Corynebacterium autotrophicum (Gogotov and Schlegel 
1974). More recently Wiegel et al. (1978) demonstrated 
that all those bacteria were not Gram positive; apparent 
Gram-positive staining was due to polyphosphate granules. 
This fact lead these authors to propose the creation of a 
new genus, Xanthobacter, to include Corynebacterium 
autotrophicum and Mycobacterium flavum. The authors 
suggest that this genus belongs to the family Azoto- 
bacteraceae and is distinguished from other members of 
this family by characters such as autotrophic growth 
under hydrogen, absence of growth on most sugars 
except fructose, growth on methanol, and the produc- 
tion of a characteristic carotenoid pigment, zeaxanthine 
dirhamnoside. 

Several Pseudomonas isolates have been reported to 
fix nitrogen (Anderson 1955; Proctor and Wilson 1958; 
Paul and Newton 1961) and were assigned species names 
like Ps. azotogensis and Ps. azotocolligans. In 1966 De 
Ley and Park included some of those strains in a study of 
molecular biological taxonomy of free-living diazotrophs 
and concluded that they are not pseudomonads. Under 
reexamination by Hill and Postgate (1969), strains of 
both species appeared unable to fix N2 or to reduce 
C2H2. Only the strains isolated by Voets and Debacher 
(1956) as Ps. azotogensis exhibited C,H, reduction, 
15N, fixation occurred only under anaerobiosis, and 
again the DNA base composition fell outside the normal 
range of Pseudomonas (De Ley and Park 1966). Those 
putative N>-fixing pseudomonads have been called 
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“ghosts” by Postgate (1981). One must also mention 
reports of isolation of N»-fixing Pseudomonas in the 
rhizosphere of Pennisetum americanum (Prabha et al. 
1978), maize (Berlier and Lespinat 1978), and rice 
(Watanabe and Barraquio 1979), but the descriptions of 
the strains are not sufficient to judge the validity of their 
assignments to the Pseudomonas genus. 

More precise is the description of Lignobacter strain 
K 17 studied for its lignin-degradation ability by 
Salkinoja-Salonen et al. (1979) and which proved able 
to fix N2. By DNA/RNA hybridization de Smedt and De 
Ley (1977) have shown that it was a very close relative 
of Pseudomonas. An interesting feature of this strain is 
that it possesses plasmid encoded nif genes (Deryto et 
al. 1981). It would be important to compare this strain 
with “ghost” N>-fixing Pseudomonas studied by Anderson 
(1955) and Paul and Newton (1961). If there is any 
similarity, one could speculate that the loss of the ability 
to fix Nz could be due to the loss of nif plasmids during 
prolonged storage. 

In our laboratory (Thomas-Bauzon et al. 1982), using 
the spermosphere model described above, we have 
isolated three strains of N»-fixing Pseudomonas-like 
bacteria from the rhizosphere of rice. They were similar 
to Pseudomonas paucimobilis (Holmes et al. 1977) and 
seemed to confirm the possibility of N2 fixation by 
Pseudomonas. Nevertheless, further studies of those 
strains in De Ley’s laboratory have revealed that they are 
closely related to Flavobacterium capsulatum (Bally et 
al. 1983). They seem to be the first clearly identified 
N>-fixing Flavobacterium-like strains; the only pre- 
vious claim for N, fixation by Flavobacterium is by 
Yoshida (1970). 

At the end of this survey of difficulties encountered 
when giving a name to some nonclassical N>-fixing 
bacteria, it must be clearly said that beside easily 
identified groups (Bacillus, Clostridium, Azotobacter, 
Enterobacteriaceae, and Azospirillum) there may be a 
large number of underinvestigated N>-fixing species, 
genera, or even higher taxonomic entities (Actinomycetes, 
for instance). We must consider that we are far from 
knowing all of the N2-fixing soil bacteria that exist and 
should continue to put our efforts into more precise 
descriptions and taxonomic studies of the bacteria with 
which we are working. 


Taxonomy 


Traditional taxonomy has given a great weight to Nz 
fixation as a taxonomic character. At least two families 
were based upon this character (Azotobacteraceae and 
Rhizobiaceae). The more we learn about N>-fixing 
bacteria the more we see that, in fact, N fixation has 
probably very little phylogenetic meaning. 

Recent work from De Ley’s laboratory (de Smedt and 
De Ley 1977; de Smedt et al. 1980) has brought about a 
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very important modification in Gram-negative bacteria 
taxonomy, based upon a study of similarities of ribosomal 
tibonucleic acid cistrons. The most important changes 
affect the taxonomy of N>-fixing bacteria. If there are no 
N2-fixing genera in group V (Cytophaga and low 
(G + C)% Flavobacterium), all other four groups defined 
by these authors contain N>-fixing genera or species. 

The taxonomy of Gram-negative bacteria according 
to de Smedt and De Ley (1977, 1980) is as follows 
(names of genera and families containing N>-fixing 
species are followed by an asterisk). 


Group I 
Vibrionaceae; Enterobacteriaceae* 3some Alteromonas. 


Group II 

Xanthomonas, marine Alcaligenes; fluorescent pseudo- 
monads; some Alteromonas; Azotobacter*; Azorhizo- 
philus* (Thompson and Skerman 1979); Azomonas*; 
Azomonotrichon* (Thompson and Skerman 1979); Ligno- 
bacter*. 


Group III 
Janthinobacterium; Chromobacterium: Bordetella; 
most Alcaligenes; Pseudomonas species of the acido- 
orans and solanacearum sections; Derxia*; the N,- 
Fixing Alcaligenes latus* (Malik and Schlegel 1980; 
Malik et al. 1981) is perhaps a member of this group. 


Group IV 
3 Rhizobium*; Bradyrhizobium* (Jordan 1982); Agro- 
acterium; Beijerinckia*; Gluconobacter; Acetobacter: 
Pseudomonas paucimobilis* (Thomas-Bauzon et al. 
4982); Azotomonas; Aquaspirillum*: Azospirillum*; 
Rhodospirillum*, Rhodopseudomonas*; Paracoccus deni- 
trificans, Phyllobacterium; Xanthobacter*. 


N2 fixation appears with a very high frequency in 
Group IV. It must be stressed that some misnamed 
Achromobacter, along with Phyllobacterium and Azoto- 
monas, long suspected to fix N3, are also located in this 
group. It must also be stressed that N, fixation has not 
been investigated in genera like Zymomonas, Glucono- 
bacter, and Acetobacter, but the ecology of those 
bacteria does not make it unlikely. 

This group IV also has a very interesting feature; most 
of its members share a common ecology, they live on 
plants. Some of them have even achieved the most 
sophisticated adaptations to coexistence with a plant: the 
root nodule of Rhizobium and the genetic parasitism of 
Crown-gall Agrobacterium. This group probably repre- 
sents a bacterial phylum which has undergone a coevolu- 
tion with the higher plants, from algae-associated 
Aquaspirillum to fruit-associated Gluconobacter. 


Interstrain differences 
Among N>-fixing strains, strain-to-strain differences 
exist in a number of characters such as production of 
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plant growth substances (Hennequin and Blachere 1966; 
Brown 1972; Gaskins et al. 1977; Reynders and Vlassak 
1979); denitrification and resistance to antibiotics (Neyra 
et al. 1977; Dobereiner and Baldani 1979; Zuberer and 
Roth 1982); chemolithotrophic growth (Malik and 
Schlegel 1981); use of different substrates, e.g., simple 
sugars (Tarrand et al. 1978), pectic compounds (Monzon 
de Asconegui and Kaiser 1972; Tien et al. 1981), 
phenolic compounds (Hardisson et al. 1969; Hussein et 
al. 1976; Laborde and Gibson 1977; Salkinova-Salonen 
et al. 1979; Durham and Ornston 1980); antigenic 
properties (De Polli et al. 1980); and lysogenic phages 
(Franche and Elmerich 1981). 

Moreover, many strains of N>-fixing bacteria contain 
plasmids. They have been demonstrated to occur in 
Rhizobium (Casse et al. 1979); Beijerinckia (Laborde 
and Gibson 1977); Xanthobacter (Wilke 1980); Pseudo- 
monas paucimobilis (Heulin et al. 1982); Lignobacter 
(Salkinoja-Salonen etal. 1979); Enterobacter (unpublished 
result); and Azospirillum (Franche and Elmerich 1981; 
Wood etal. 1982; Singh and Wenzel 1982; Heulin et al. 
1982). Plasmid-encoded characters are very important 
to differentiate from chromosome-linked ones; only the 
latter constant characteristics have taxonomic value. 

The presence of nif genes on plasmids has been 
demonstrated only in Rhizobium and Lignobacter, but 
the location on plasmids of some Azospirillum nif genes 
would probably account for the difficulty to obtain Nif- 
mutants in this bacterium. The frequent loss of N3 
fixation ability during isolation procedure can only 
partially be accounted for by transfer to conditions 
nonconducive to N, fixation. We cannot rule out the 
possibility that some isolates lose N, fixation ability 
through the loss of plasmids. Postgate (1981) even 
speculates that nif is a transposable element at present 
spreading to new bacteria “wherever selection pressure 
coincides with an appropriate physiological background.” 

The same reasoning would lead to an even more likely 
hypothesis. If we take into account the frequency of 
plasmids in plant-associated bacteria, can we not specu- 
late that some of those plasmids code for adaptive traits 
conferring to their hosts a better fitness to plant 
thizospheres? 

In view of the use of free-living, N2-fixing bacteria for 
cereal inoculations, it seems urgent to know more about 
variable characters, interstrain differences, and especially 
the plasmid-encoded ones. It will allow us to understand 
more fully the mechanisms of plant—microbe coadapta- 
tions and to provide a better matching of the pro- and 
eu-karyotic partners in N>-fixing associations. 


Conclusion 


Following this brief survey of recent developments 
and of some important questions in the microbiology of 
nonsymbiotic N>-fixing associations, it appears that 
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before harnessing the process we have to increase our 
knowledge in all the areas of its ecology, both synecology 
and autecology. 

Our first task must be a better description of the 
existing N>-fixing microflora by the use of more efficient 
enumeration and isolation procedures, ensuring that 
strains studied are effectively abundant, representative, 
and active. A better description of N2-fixing microflora 
requires a far better identification of isolates, using 
modern methodologies and collection of well-identified 
reference strains. For instance, there are several unclear 
areas to investigate urgently, such as the relationships 
between De Ley’s group IV genera of N>-fixing bac- 
teria, or the relationships between Azotobacter and 
N,-fixing Pseudomonas-like bacteria. In the same con- 
text, it seems evident that too much consideration has 
been given to Nz fixation as a characteristic in classical 
taxonomies. For instance, it would be very unlikely that 
anonfixing Rhizobium would be identified, in spite of its 
possible great ecological significance. We need to 
reevaluate taxa such as Rhizobium, Azotobacter, Bei- 
jerinckia , and Derxia on grounds other than their N2 
fixation ability. We need also to investigate the possible 
role of several groups such as N>-fixing actinomycetes, 
hydrogen bacteria, and methane bacteria. 

Autecology of N>-fixing bacteria associated with 
higher plants is a very young science. The following 
questions need answers: What would be a measure of 
adaptation to the rhizosphere and (or) to the rhizosphere 
of a particular plant species? What are the mechanisms 
of adaptation? Are they comparable in different bacterial 
families, in different plant families, in different regions 
of the world? Is it possible to improve such an 
adaptation? Is it possible to confer extra selective 
advantages to a bacterium by manipulating those adapta- 
tion mechanisms? 

All these questions open new avenues of fundamental 
research and the answers are prerequisites for a sound 
rationale in the practical harnessing of N, fixation by 
nonsymbiotic plant-associated bacteria. 
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